The low-energy scattering of charged fermions by extremal magnetic Reissner-Nordstrom black holes is analyzed in the large-1V and S-wave approximations.
I. INTRODUCTION
Extremal black holes provide a simple laboratory in which to study quantum-mechanical aspects of black holes. There are three general possibilities which have been discussed for the outcome of a scattering experiment in which a particle is sent into an extremal black hole and Hawking reemitted: (I) The scattering is unitary, with a finite number of quantum states for the black hole; (II) the scattering is unitary with an infinite number of asymptotic quantum states of the black hole, or "remnants"; (III) the scattering is not unitary, and information is destroyed.
Extensive analyses of extremal black holes in dilaton gravity at large N over the last year [I] show no evidence that possibility (I) might be realized, while recent work [2] has shown that possibilities (II) and (III) are much less distinct than previously suspected.
One feature of the large-X analysis of dilatonic black holes has been in some ways disappointing: Gravitational collapse inevitably leads to a singularity at which the large-N approximation breaks down. Fortunately, some key physical questions are not affected by this breakdown. For example, possibility (I) can still be ruled out at large 1V. However, one cannot determine which of the possibilities (II) or (III) is realized without solving a strongly coupled quantum problem.
We were thus motivated to search for a model in which possibility (II) is demonstrably realized at weak coupling. ' After running around in several circles we realized that such a model was under our noses: real-world magnetic Reissner-Nordstrom black holes. Although the 'Electronic address: andy@denali. physics. ucsb. edũ Electronic address: trivedi@theory3. caltech. edu isee Ref. [3] The two-dimensional metric appearing in (1) (1) and related models obtained by dimensional reduction can be found in Refs. [5, 8] .
One might hope that for large Q particle-hole scattering could be adequately analyzed in a semiclassical loop expansion of the reduced theory, but, in fact, large N will be needed in addition to the S-wave approximation for several reasons. First, as pointed out in Ref. [9] , the tem- (6) so that near-extremal black holes are indeed characterized by a definite temperature.
A second problem with the loop expansion was discussed in Ref. [5] . For a nonextremal
ReissnerNordstrom black hole, the one-loop contribution to the expectation value of the stress tensor diverges on the inner (but not the outer) horizon. This is related to the classical instability of the inner horizon, as studied in many papers [10] . This divergence persists, albeit in a softened form, in the extremal limit in which the two horizons coalesce. Since the one-loop corrections are divergent, the loop expansion is clearly unreliable. Although frightening at first, these divergences are, in fact, rather benign and can be controlled within the 1/N X-: 2B,Q+h B"P, U-: 2P --, ' ln(l -ye~) , and y =Xiii/24 .
A future (past) apparent horizon is a zero of X (B"P), which implies (VP) =0. One important linear combination of the constraint equations is 1ocal:
Previous light-cone gauge analyses of dilatonic black holes can be found in Ref. [11] . e &I'I Tg: ,
where the components of the null vector I are (I",I")=(h /2, 1). Fortunately, the other linear combination, which is nonlocal, shall not be needed.
The extremal solutions were studied in Ref. [5] and found to be of two kinds referred to therein as the even and odd extensions. Here we shall focus on the odd extension, which reduces to the classical solution as A~O, and denote it as $0(r ) and h 0(r ). This solution has ã &0 timelike singularity at the "origin" where e '= y.
Near the horizon rH it was shown [5] that the fields have the nonanalytic behavior B"(e 5X)=0 .
( 19) The integration constant is determined from the asymptotic boundary condition 5X~2p/r . One thereby obtains along Uo whose classical stress tensor obeys I'I "Tfi, =2@5(v -vo) .
We wish to compute, following Ref. [12] , P and h perturbatively in p in a Taylor expansion above the shock wave. P is continuous across the shock wave, while h has a discontinuity which is determined by the constraints and is classically equal to 2p-/r X. [defined in (7) ] also has a discontinuity 5X across vo, which, according to (5) (9) implies that, at r+, h, -"a"a+a. x=~ ' ' a'"ah+ h a'"h, --'a"h, a, sh +a, a"6h +e I'l "To, & .
It turns out that the dominant contribution for small p is given by the second term on the right-hand side, which involves 5h with no derivatives. To evaluate this term we need to know 6h just above the shock wave which, according to (6) 
&I -ye'(
The integration constants are fixed by the requirement that 5h asymptotically vanish. ) Furthermore, to leading order, h B"Xvanishes so that (26) reduces to B"X(r ) = -yp, /Q (29) Equations (24) and (22) then imply that, just above the shock wave, (30) To proceed further, we evoke the adiabatic approximation in which the black hole is taken to evolve slowly so that its dynamic geometry may be approximated by a sequence of static ones. We expect the adiabatic approximation to be good for large Q, but have been unable to carefully justify this. In this approximation (30) Fig. 1 .
Also, within the adiabatic approximation (22) relates the position of the outer horizon r+ to p. Equation (30) then implies that VP -P, 2Q (31) so that the mass decays exponentially back to its extremal value as
III. DISCUSSION We now argue that our results imply that an arbitrarily large amount of information can be sent into the black hole, and will never reemerge into the Universe from which it was thrown in. The black hole relaxes to extremality with a characteristic time t, =Q'/r
Consider experiments in which an arbitrarily large number of wave packets are sent in from 2 spaced at intervals of t, seconds. In the process, an arbitrarily large amount of information is sent in. In order for no information loss to occur, in the asymptotic future, all correlations between the state inside and the state outside the horizon should be destroyed. This can occur only if the There are two regions in which the large-N equations used here cannot be trusted. The first is near the origin e~=y (denoted by r =0 in Fig. 1 ), where the curvature becomes large and higher-dimension corrections to the Einstein-Maxwell theory are important. The second is the future Cauchy horizon, or the extension of 2+ inside the event horizon. A timelike observer inside the black hole crosses this Cauchy horizon in finite time, yet is able to see all of the Universe outside the black hole before doing so. There is therefore a large energy concentration near this surface, the effects of which are subtle and have been analyzed in many papers [10] .
Fortunately, physics outside the horizon is insensitive to the (intractable) behavior of the system in these regions. To see this, consider a Hamiltonian H which evolves along the series of spacelike slices asymptotic to the slice X = Xz U 2+ where, as depicted in Fig. 1 , Xz is a spacelike surface inside the horizon. These slices can be chosen to completely cover the spacetime outside the horizon. Xz can be chosen so that it avoids the difficult region near the future Cauchy horizon, and so that the intersection of the shock wave with Xz-is in weak coupling. Although X~e xtends into the strong-coupling region near e~= y, this does not present any difficulties because the system is unexcited in that region. The nontrivial dynamics are everywhere weakly coupled for all time, and our approximations should be valid. state inside is unique and independent of the initial state of the infalling matter. The preceding analysis shows that nothing catastrophic happens to the infalling matter as it crosses the apparent horizon so in the asymptotic future the state inside the event horizon (on XT) will definite interval above any given wavelength. This problem can be avoided by choosing a different surface XH defined as the (spacelike or null) surface along which P takes the constant value PH characterizing the horizon of an unperturbed extremal solution. This is a geodesically complete surface which is everywhere in weak coupling. Since any finite point on XII is an infinite distance from i+, there is clearly no pile up of energy density.
Furthermore, because the event horizon is moved out by each scattering process, this surface is well behind the event horizon if many f particles (and much information) are thrown into the black hole. The potentially infinite amount of information on XII is therefore unavailable to an observer on 2+.
Another possibility is that boundary conditions might be specified at the timelike singularity to reAect the matter, and the information, up to the future Cauchy horizon and possibly on to the next universe. In this case all the information will be present on XT no matter how it is chosen. Finally, one may be concerned that this infinite degeneracy of states will lead to divergent black-hole pair production rates. In fact, magnetic black-hole pair production was computed semiclassically in Ref. [13] and found to be finite. The reason for this was discussed at length in Ref. [2] : extremal black holes do not behave quantum mechanically like elementary particles. Thus we have found a system which can be seen, without resorting to speculations about strong-coupling dynamics, to solve the information puzzle by storing it in an infinite degeneracy of black-hole quantum states. Further this two-dimensional system might be a good approximation to real-world long-wavelength fermionmagnetic black-hole scattering.
